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E-mail address: vertessy@enzim.hu (B.G. Vértessy)Most dUTP pyrophosphatases (dUTPases) are homotrimers with interfaces formed between subunit
surfaces, in the central channel, and by C-terminal b-strand swapping. Analysis of intersubunit
interactions reveals an important cohesive role for the C-terminus. This is reﬂected in the crystal
structure of fruitﬂy dUTPase displaying a dimeric organization in crystals grown in alcohol solution,
where only b-strand swapping interactions between subunits are retained from the usual trimer
structure. Mutations of a suggested hinge proline destabilize human and Escherichia coli dUTPases
without preventing trimeric organization. Trimer formation was, however, prevented in the human
enzyme by truncating the C-terminus before the swapping arm. The molecular shape of full-length
enzymes in solution reveals the localization and variation in ﬂexibility of N- and C-terminal seg-
ments.
Structured summary:
MINT-6946477: dUTPase (uniprotkb:Q9V3I1) and dUTPase (uniprotkb:Q9V3I1) bind (MI:0407) by X-ray
crystallography (MI:0114)
 2009 Published by Elsevier B.V. on behalf of the Federation of European Biochemical Societies.1. Introduction tifs from three subunits [1]. Within the homotrimer, usually threedUTP pyrophosphatase (dUTPase) is crucial for the preservation
of chromosomal integrity. By hydrolyzing dUTP, it prevents uracil
incorporation into DNA and provides dUMP for thymidylate bio-
synthesis. Lack of the enzyme leads to massive uracil incorporation
into the genome, followed by futile cycles of repair resulting in
DNA fragmentation and thymine-less cell death [1,2]. Enzymes in
thymidylate synthesis are important targets in cancer therapy
[3]. Design of successful therapies based on these target proteins
requires detailed structural and mechanistic knowledge.
dUTPases are usually homotrimeric oligomers [1,4]. Subunits
form an eight-stranded jelly-roll barrel that generally participate
in swapping C-terminal b-strands to render subunit folding insep-
arable from trimer assembly (with the notable exception of the
Plasmodium falciparum enzyme [5]). Active sites are located at
intersubunit clefts and catalysis requires conserved sequence mo-on behalf of the Federation of Euro
-deoxyuridine triphosphate;
-pentanediol; DTT, 1,4-dithi-
small angle X-ray scattering;
rimetry.
.types of major intersubunit interactions are formed: (i) extended
bimolecular interfaces, (ii) three-fold central channel, and (iii) C-
terminal b-strand swapping [1,6]. To date, relative contributions
of these interactions to folding and oligomerization have not been
directly investigated.
To understand the major forces that may inﬂuence trimeric
assembly in dUTPases, we characterized the intersubunit surfaces
and analyzed the relevant interactions in available 3D structures.
A proline-dependent domain swapping model was suggested for
numerous proteins including dUTPases [7,8]. We evaluated possi-
ble direct inﬂuence of this residue on folding and oligomer assem-
bly by a multidisciplinary array of techniques. We determined the
three-dimensional structure of fruitﬂy dUTPase that represents a
very unusual dimer preserving the proline-dependent arm-swap-
ping but lacking other important subunit interactions. Results
demonstrated the signiﬁcant but dispensable role of proline in
proper oligomerization. We described the molecular shape of the
full-length trimers including ﬂexible N- and C-terminal segments,
as well. Data suggest that the C-terminal arm-swapping is required
to preserve dUTPase function and trimeric structure and its
dynamic character is different in human and Escherichia coli
dUTPases.pean Biochemical Societies.
Table 1
Crystallographic data collection and reﬁnement statistics.
wt. fruitﬂy dUTPase PDB ID: 3ECY
Space group P41
Cell parameters a, c (Å) 42.8, 169.4
Data collection
Wavelength (Å) 0.8457
866 E. Takács et al. / FEBS Letters 583 (2009) 865–8712. Materials and methods
2.1. Reagents
Materials for electrophoresis or chromatography were from Bio-
Rad or Amersham Biosciences, Phenol Red from Merck. Other
materials were from Sigma or Stratagene.Resolution (Å) 20.0–1.88 (1.99–1.88)
Measured reﬂections 181493 (27,442)
Unique reﬂections 24518 (3853)
Redundancy 7.4 (7.1)
Completeness (%) 99.5 (98.8)
hI/r(I)i 18.82 (3.31)
Rsym (%)a 5.7 (56.9)
RmrgdF (%)b 6.2 (38.6)
Reﬁnement statistics
Resolution (Å) 20.0–1.88 (1.93–1.88)
Non-hydrogen atoms 1907
Water molecules 111
Missing protein residues 86
r.m.s. Deviation bond (Å)c 0.021
r.m.s. Deviation angles (o)c 1.938
Rwork (%)d 20.04 (27.2)
Rfree (%)d,e 22.22 (29.1)
wt. indicates wild-type enzyme. Values in parentheses correspond to the highest
resolution shell.
a Rsym = R Rj|Ij – hIi|/RhIi, where Ij is the recorded intensity of the jth reﬂection
and hIi is the average intensity over multiple recordings.
b RmrgdF is a robust indicator of the agreement of structure factors of symmetry-
related reﬂections and is deﬁned precisely in [36].
c Root mean square deviation from ideal/target geometries.
d Rwork,free = R||Fobs|  |Fcalc||/|Fobs|.
e Rfree values are calculated for a randomly selected 5% of the data that was
excluded from the reﬁnement.2.2. Protein expression and puriﬁcation
Fruitﬂy (core enzyme [9], lacking the 28-residue-long C-termi-
nal ﬂy-speciﬁc segment), human and Escherichia coli (E. coli)
dUTPases were produced as previously [9,10]. Removal of the
physiologically present, very ﬂexible 28-residue C-terminal seg-
ment does not perturb catalytic function but facilitates crystalli-
zation. For puriﬁcation of human dUTPase (cf. also [9]), cell
pellet was extracted in 50 mM Tris–HCl buffer, pH 8.5, containing
1 mM EDTA, 5 mM 1,4-dithiothreitol (DTT), and 0.5 mM phenyl-
methylsulfonyl ﬂuoride (PMSF). Supernatant was dialyzed over-
night against 20 mM citrate buffer, pH 5.0 also containing 1 mM
DTT, 0.1 mM PMSF and 1 mM MgCl2 and loaded onto SP-Sephar-
ose column. dUTPase was eluted using NaCl gradient at 0.4–
0.5 M salt. Gel ﬁltration was performed on a Superdex 200 HR
30/10 column. Site-directed mutagenesis of human and E. coli
dUTPases were performed by QuickChange method (Stratagene)
(for primers cf. Supplementary Table 1) and veriﬁed by sequenc-
ing of both strands. Mutant proteins were produced as the corre-
sponding wild-type enzymes. Stocks at 5–10 mg/ml were stored
at 70 C.
2.3. Enzymatic activity
Continuous assay was performed as previously [9]. Kinetic con-
stants were determined using the integrated Michaelis–Menten
equation as described [11].2.4. Protein crystallization and X-ray diffraction data collection
Fruitﬂy dUTPase at 3 mg/ml in 50 mM Tris–HCl buffer, pH 7.0
also containing 50 mM NaCl and 1 mM DTT, 1.2 mM dUDP and
10 mM MgCl2 (2 ll) was mixed with equal volume of reservoir
solution (50 mM sodium succinate buffer, pH 4.6–4.8, also contain-
ing 200 mM NaCl and 30–35 v/v% 2-methyl-2,4-pentanediol
(MPD)). Crystals were grown at 4 C (sitting drop vapor diffusion).
Data sets were collected at BW7B beamline at EMBL/DESY (Ham-
burg, Germany). Data processing and scaling were carried out
using XDS program package [12].2.5. Structure determination and reﬁnement
The human apo-dUTPase subunit structure (PDB ID:1Q5U) [13]
was used as the search model in molecular replacement (MOLREP)
method. Surprisingly, the asymmetric unit contained two subunits
of fruitﬂy dUTPase, although the enzyme is a trimer in solution
[9]. The structure of the fruitﬂy dUTPase was reﬁned to a resolu-
tion of 1.88 Å. Residues 1–18, 82–88 and 145–160, including the
C-terminal Motif V (residues 149–158), are hardly visible even
in the ﬁnal maps and are omitted from the model. Positional
and B-factor reﬁnement was performed by alternating cycles of
manual rebuilding steps using Coot and maximum likelihood
reﬁnement using REFMAC5. For water modeling, ARP/wARP was
used. A summary of the structural statistics are given in Table 1.
Figures were produced using PyMOL (http://pymol.sourceforge.
net).2.6. Small angle X-ray scattering (SAXS) measurements and data
processing
Data were collected at beamline X33 at EMBL/DESY (Hamburg,
Germany) using MAR345 image plate detector. Scattering patterns
were measured at several solute concentrations ranging from 2.4
to 18.0 mg/ml. At a sample – detector distance of 2.7 m, the range
of momentum transfer 0.12 < s < 4.5 nm-1 was covered (s = 4p
sin(h)/k where 2h is the scattering angle and k = 0.15 nm is the X-
ray wavelength). Data were processed by the program package
PRIMUS [14]. The forward scattering I(0) and the radii of gyration
Rg were evaluated using the Guinier approximation, assuming that
at very small angles (s < 1.3/Rg), the intensity is represented as
I(s) = I(0) exp((sRg)2/3). Solute molecular masses (MMs) were
evaluated by comparison of the forward scattering with that from
reference solutions of bovine serum albumin (MM = 66.0 kDa). The
maximum dimensions Dmax were computed using the indirect
transform package GNOM [15], which also provides the distance
distribution functions p(r). Ab initio shape determination and
molecular modeling are described in Supplementary materials
and methods.
2.7. Heat-induced denaturation
Thermal unfolding of protein samples at 0.2–1.5 mg/ml was fol-
lowed by ﬂuorimetry, circular dichroism (CD) spectroscopy [16,17]
and differential scanning calorimetry (DSC), as described previ-
ously [18]. Unfolding was irreversible in all samples; therefore a
full thermodynamic analysis was not possible. Nevertheless, the
melting temperature (Tm) can be taken as an informative value,
since major irreversible aggregation is expected to occur only once
the unfolding is over, after the melting point is reached. Details of
spectroscopic and DSC measurements are given in Supplementary
materials and methods.
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3.1. Most intersubunit interactions are derived from b-strand
swapping
To identify major determinants of folding and oligomerization,
we calculated the accessible surface area (ASA) [19,20] for both iso-
lated subunits and oligomers of available dUTPase structures. ASA
lost upon trimer association was considered to represent the inter-
action surface area. This ASA loss varied from 22 to 47%, with an
average of 36% (Table 2). Among homotrimeric proteins, only
approximately 8% show similar or higher values for ASA loss as
estimated by the Protein Quaternary Structure server at the Euro-
pean Bioinformatics Institute [21], reﬂecting compactness and
strength of intersubunit interactions in homotrimeric dUTPases.
To assess relative contributions of hydrophobic, ionic and
H-bond contacts in pairwise, three-fold and arm-crossing intersub-
unit surfaces, we used the Protein Interaction Calculator [22]
(Table 2). For both pairwise and three-fold interfaces, hydrophobic
or H-bond contacts dominate, in agreement with previous observa-
tions [19]. Hydrophobic interactions are especially numerous in
the channels of retroviral dUTPases, strengthening earlier hydrop-
athy studies [23]. It is obvious that the swapping b-strands, which
rely on extensive H-bonding, develop the most contacts with the
rest of the protein. In summary, these results emphasize the
importance and cohesive role of b-strand swapping and hydropho-
bicity in formation of homotrimeric dUTPases.
3.2. An intriguing structure of fruitﬂy dUTPase
In aqueous solvents, fruitﬂy dUTPase is a homotrimer, however,
its dissociation was observed in the presence of alcohols [9]. Inter-
estingly, crystals could only be obtained under such circumstances.
Alcoholic solvents interfere with folding [24] and oligomerization
[25] by disrupting hydrophobic interactions. The perturbing effect
of such solvents on the dUTPase homotrimer may reﬂect the rela-
tive strength of the different types of intersubunit interactions.
Crystals of fruitﬂy dUTPase grown in the presence of alcohols of-
fered thereby a potential to study these effects at high resolution
in 3D.
In the fruitﬂy dUTPase crystal, the asymmetric unit contained
two subunits that formed an unusual dimer. Here, the C-terminal
b-strand arms are exchanged in a pairwise fashion: the b-strand
of one subunit is accommodated as an integral part of the eight-Table 2
Quantitative indicators of interaction patterns within dUTPase homotrimers.
Species PDB ID Lost ASAa % T.n.i.b Pairwisec
Hydrophobic H-bonds Ionic
HSAP 2HQU 47 283 13 10 2
ECOL 1RN8 44 293 5 11 0
MTB 2PY4 47 303 2 12 2
BSUB 2BAZ 33 141 14 3 2
FIV 1F7R 44 189 5 5 0
EIAV 1DUC 35 117 7 15 2
MPMV 2D4N 31 153 16 2 0
VACV 2OKE 35 196 8 16 3
PFAL 1VYQ 22 62 35 42 5
For arm-crossing interactions, the arm was deﬁned from the ﬁrst residue that is orient
dUTPase structure is an outlier in this comparison, considering that it does not contain a
deﬁned. Abbreviations of species are as follows: HSAP, Homo sapiens; ECOL, Escherichia
deﬁciency Virus; EIAV, Equine Infectious Anemia Virus; MPMV, Mason-Pﬁzer Monkey V
a ASA – Accessible surface area.
b Total number of interactions between subunits.
c Values reﬂects the percentages of speciﬁc interactions as compared to the total numstranded jelly-roll barrel of the other subunit (Fig. 1). In contrast,
these domains are swapped in a cyclic manner in homotrimers,
according to three-fold symmetry. This altered quaternary struc-
ture was most probably the result of the interfering alcohols, sol-
vating most hydrophobic regions involved in oligomerization.
Consequently, active site architecture was also perturbed which
explains why the dUDP ligand was not bound in this structure.
However, the fruitﬂy dUTPase subunits retained the overall con-
served dUTPase fold (cf. Fig. 1).
Fig. 2A and B presents superimposed images of dimeric fruitﬂy
dUTPase and its close structural homologue, the trimeric human
enzyme (Fig. 1C) [26]. The C-terminal b-strands of neighboring
subunits leave their protomers at much different orientations in
these two structures (Fig. 2A). The altered orientation of the arms
is clearly related to the dissimilar positioning of subunits in fruitﬂy
and human dUTPases (Fig. 2B). In summary, out of the previously
described three major intersubunit interactions of homotrimeric
dUTPases, pairwise and three-fold contacts disappear entirely,
whereas b-swapping is maintained in the fruitﬂy structure arguing
for its prime signiﬁcance in folding. In order to assess the relative
importance of the previously suggested ‘‘hinge-proline” residue
in the arm-exchange of dUTPases, site-speciﬁc mutations were
introduced.
3.3. The role of hinge prolines in oligomer assembly
Sequence and structural alignments identiﬁed three different
locations for the putative hinge proline residue in dUTPases
(Fig. 3 (cf. [7]). In Group I, proline is situated at the end of strand
b7 that is very close to the site of the hinge, i.e. where the C-termi-
nal arm leaves its own protomer. In Group II, it is located between
strands b7 and b8, two-three residues away from the hinge. Group
III contains two outliers: in Mycobacterium tuberculosis dUTPase no
proline is present at this region [27], whereas in dUTPase from
Equine Infectious Anemia Virus, one proline is present, but it is lo-
cated far away from the hinge position [28]. These observations
may denote decreased or altered signiﬁcance of conserved proline
in dUTPases considering oligomer assembly.
In order to directly examine the presumed role of this residue in
dUTPases, we selected E. coli and human enzymes, as representa-
tives of Group I and II, respectively. Hinge prolines (Pro124 and
Pro140, respectively) were mutated to alanine or glycine. Trimeric
organization was not perturbed in any of these mutants, as shown
by analytical gel ﬁltration (data not included). Absorbance andThree-fold (Central channel)c Arm-crossingc
Hydrophobic H-bonds Ionic Hydrophobic H-bonds Ionic
3 5 0 18 40 8
11 3 1 25 38 6
7 11 0 20 41 6
8 14 1 28 26 4
16 6 0 17 44 8
33 0 0 2 37 5
24 12 0 8 39 0
5 24 2 23 13 6
13 5 0 0 0 0
ed outwards from its protomer. Note that the Plasmodium falciparum homotrimer
swapped C-terminus, therefore no ‘‘arm-crossing” contacts can be unambiguously
coli; MTB, Mycobacterium tuberculosis; BSUB, Bacillus subtilis; FIV, Feline Immuno-
irus; VACV, Vaccinia Virus; PFAL, Plasmodium falciparum.
ber of interactions in one structure.
Fig. 1. Fruitﬂy dUTPase. Black and gray ribbons show side (A) and top (B) views of the crystal structure of fruitﬂy dUTPase. Note that only arm-swapping is retained from the
three intersubunit interactions usually formed in dUTPases [23]. (C) Alignment of fruitﬂy (Dros.) and human dUTPases (nuclear isoform) reﬂect conserved folding pattern.
Residues that are not visible in the three-dimensional structures (present work and [26]) are framed. Identical, similar or different residues are shown with white lettering on
black background, black lettering on gray background or black lettering on white background, respectively. Secondary structural elements are schematically shown above and
beneath the sequences of human (black) and fruitﬂy (gray) dUTPase, respectively. Arrows (numbered as previously [4,13]) correspond to b-strands, zigzag to the single a-
helix and loops to b-turns. The putative hinge prolines are marked with star (cf. below).
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those of the wild-type, whereas far ultraviolet CD spectra revealed
some perturbations in the mutant variants (data not shown). Dif-
ferential scanning calorimetry (DSC) thermograms of wild-type
and proline mutant enzymes showed single peaks arguing for re-
tained cooperativity in the apparently two-state unfolding transi-
tion [18]. Sequential heating cycles revealed that unfolding was
not reversible; therefore only melting temperatures are presented
(Table 3).
Thermal unfolding was also assessed by Trp ﬂuorescence spec-
troscopy in case of the E. coli enzyme (human dUTPase does not
contain Trp) and CD spectroscopy for both E. coli and human pro-teins (Supplementary Fig. 1). In agreement with previous results,
E. coli dUTPases constructs are much more stable as compared to
the corresponding human enzymes [9,18]. For E. coli dUTPase, all
three methods gave very similar results: both hinge proline muta-
tions decreased Tm by approximately 8–10 C. The corresponding
mutations in the human enzyme resulted in less drastic effects:
Tm decreased by about 3–5 C. Here, Pro? Gly replacement was
more destabilizing. In addition to thermal unfolding studies, stea-
dy-state catalytic rate constants of the wild-type and mutant pro-
teins were also determined (Table 3). Some decrease in kcat was
observed only in the case of the Pro? Gly mutant of both proteins;
KM values did not change considerably.
Fig. 2. Structural superposition of human (blue, PDB ID: 2HQU) and fruitﬂy (red, PDB ID: 3ECY) dUTPases. (A) Altered backbone conformation of the C-terminal segments.
Swapping b-strands (color-coded b8 cf. [4,13]) show different orientation of C-termini. (B) Top view of human and fruitﬂy dUTPase oligomers, showing position of related
subunits. For human dUTPase trimer, the non-swapping partner of the subunit shown in Panel A is represented at 70% transparency. Relative orientation of fruitﬂy subunits is
much different as compared to the human subunits.
Fig. 3. The position of the proline residue between Motifs 4 and 5 in homotrimeric dUTPases. (A) Sequences of dUTPases where published 3D structures demonstrate arm-
swapping were aligned in the segment starting with Motif 4. Based on the structural position of the (usually single) proline residue in this segment, three main groups were
formed: I; proline at the end of strand b7, II; proline between strands b7 and b8, and III; proline either missing or located outside the hinge. (B) Backbone traces of 3D
structures for selected representatives from each group (Escherichia coli (green), human (purple) and EIAV (yellow) dUTPases) have been superimposed, with prolines as
spheres. Two of the three subunits are displayed at 70% transparency for better visualization. ECOL, E. coli; MPMV, Mason-Pﬁzer Monkey Virus; FIV, Feline Immunodeﬁciency
Virus; HSAP, Homo sapiens; DMEL, Drosophila melanogaster, (the species-speciﬁc 28 C-terminal residues are omitted); VACV, Vaccinia Virus; BSUB, Bacillus subtilis; EIAV,
Equine Infectious Anemia Virus; MTB, Mycobacterium tuberculosis.
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on the speciﬁc case; it may induce protein oligomerization
[29,30] or may disrupt dimerization and subunit fold [7,8]. Our re-
sults reﬂect that lack of hinge proline in the C-terminal arm dis-
turbs conformational stability of trimeric dUTPases but has no
major effect on the oligomerization or catalytic function. The en-
hanced role of structural rigidity at the hinge of the C-terminal
arm in E. coli dUTPase as compared to the human enzyme is also
implied.3.4. C-terminally truncated human dUTPase is an inactive monomer
The C-terminus of human dUTPase was truncated from Phe138,
close to the hinge proline. The mutant lacks the last 27 C-terminal
residues including the b-strand involved in arm-swapping and the
C-terminal Motif 5. It still retains an at least partially folded struc-
ture as observed by CD (cf. Supplementary Fig. 2). Gel ﬁltration re-
vealed the monomer status of this truncated protein (cf.
Supplementary Fig. 3) that was practically inactive. This result is
Table 3
Melting temperatures and steady-state kinetic parameters of wild-type and mutant dUTPases determined by independent assays.
Methods wt. ECa ECa-P124A ECa-P124G wt. Hb Hb-P140A Hb-P140G
DSCc 74.5 ± 0.5 63.6 ± 0.4 63.7 ± 0.2 59.8 ± 0.4 57.8 ± 0.4 55.2 ± 0.3
CDc 73.5 ± 0.5 62.3 ± 0.3 62.0 ± 0.3 59.5 ± 0.6 56.5 ± 0.3 54.5 ± 0.2
Fluorimetryc 73.2 ± 0.3 65.2 ± 0.2 65.1 ± 0.2 n.d.d n.d.d n.d.d
kcat (s1) 9.2 ± 1.7 9.4 ± 0.6 4.6 ± 0.1 6.2 ± 0.7 6.1 ± 0.5 4.5 ± 0.7
KM (lM) 0.6 ± 0.1 0.9 ± 0.1 0.7 ± 0.2 1.1 ± 0.1 0.6 ± 0.1 2.9 ± 0.2
wt. indicates wild-type enzyme. Tm values of the human enzyme show a small increase as compared to previously reported data on the fruitﬂy enzyme [9,18].
a E. coli dUTPase.
b Human dUTPase.
c Melting temperatures are given in C.
d Not determined.
870 E. Takács et al. / FEBS Letters 583 (2009) 865–871according to the expectation, since lack of oligomerization in the
truncated mutant precludes formation of the active site.
3.5. Molecular shape of full-length and truncated dUTPases and
species-speciﬁc ﬂexible character of N- and C-terminal segments
Scattering proﬁles were recorded and data were processed for
wild-type and mutant E. coli and human dUTPases (cf. Supplemen-
tary materials and methods). As expected, results indicated tri-
meric assemblies for all samples except the truncated construct
missing the C-terminal portion, which was monomeric.
Low resolution shapes were generated for each construct by ab
initio bead modeling program DAMMIN [31] (Fig. 4). The shapes of
trimeric full-length samples were reconstructed without symme-
try restrictions and also by assuming P3 space-group symmetry.
Several independent reconstructions performed for each sample
yielded reproducible results neatly ﬁtting the corresponding
experimental data (Supplementary materials and methods and
Supplementary Fig. 4). The models generated with and without
symmetry constraints were similar suggesting that the SAXS data
are compatible with the presence of symmetry. Typical models of
wild-type dUTPases and of the truncated construct in Fig. 4 dem-
onstrate elongated shapes accommodating the corresponding crys-
tallographic models but also displaying extra density, presumably
due to the terminal portions missing in the high resolution struc-Fig. 4. Ab initio and atomic structure-based models of dUTPases reconstructed from S
truncated human dUTPase; right column: wild-type E. coli dUTPase with multiple confo
models reconstructed by BUNCH and EOM are displayed as backbone traces and color
respectively (crystallographically determined parts of ligand-free enzymes are shown intures. This allowed potential to visualize ﬂexible terminal seg-
ments, never observed in 3D before.
The program BUNCH [32] was employed to add the missing
fragments to the atomic structures. Typical conformations of miss-
ing loops were represented as chains of dummy residues. Resulting
models of good ﬁts to scattering data of human dUTPases (Supple-
mentary materials and methods) agreed well with corresponding
ab initio shapes (Fig. 4). The ability of this modeling to ﬁt both
wild-type and deletion mutant data indicates that tertiary struc-
ture of human dUTPase subunit does not signiﬁcantly change upon
truncation. In the case of human dUTPase, the downward protrud-
ing segment in Fig. 4 (left and middle panels) corresponds to the N-
terminal ﬂexible region, possessing the nuclear localization signal
[33] and never localized before in 3D. The present SAXS data indi-
cate that this N-terminus may also be localized in later crystalliza-
tion trials. The C-terminal loop of human dUTPase could be
modeled by a single relevant conformation presumably associated
to the protein core (Fig. 4), in agreement with previous experi-
ments revealing its decreased solvent accessibility even in li-
gand-free enzyme [34]. For E. coli dUTPase, the N-terminus is
well ordered in the crystal structure, and it is only the C-terminal
segment which shows considerable ﬂexibility. For this segment,
it was impossible to obtain a good ﬁt to the experimental data with
this approach (Supplementary Table 2) suggesting that the missing
C-terminal fragments are highly disordered and can thus not beAXS data. Left column: wild-type human dUTPase; middle column: C-terminally
rmations of the added portions. Ab initio shapes are presented by gray beads. The
ed either in blue or with various colors for human dUTPases and E. coli enzyme,
red). Bottom view is rotated by 90 degrees about horizontal axis.
E. Takács et al. / FEBS Letters 583 (2009) 865–871 871adequately represented by a single conformation generated by
BUNCH. The advanced Ensemble Optimisation Method (EOM,
[35]) was employed which explores conformational variability of
the protein by generating a large pool of models with random
loops and selecting appropriate subsets such that their mixture ﬁts
the experimental data. Subsets of 6–8 representative conforma-
tions ﬁtted well the scattering data of E. coli dUTPase (Supplemen-
tary materials and methods); this structural diversity is displayed
in Fig. 4. Taken together, these data indicate that (i) the ﬂexibility
of both N- and C-terminal segments are signiﬁcantly different in
human and E. coli dUTPases; (ii) the hinge proline contributes to
the thermal stability of the enzymes but its absence does not nec-
essarily perturb oligomer formation of dUTPases.
4. Conclusions
Arm-swapping within homotrimeric dUTPases accounts for
most molecular contacts within the homotrimer (Table 2). Its
prime importance is underlined by crystal structure of fruitﬂy dUT-
Pase dimer wherein C-terminal arm-exchange is still preserved.
The hinge proline, previously suggested to govern oligomerization
[8], is important for stability but dispensable for trimeric assembly.
SAXS results indicated alterations in N- and C-terminal arm ﬂexi-
bility and allowed construction of molecular 3D shapes for full-
length human and E. coli homotrimers with predominant localiza-
tion pattern(s) of the terminal segments (cf. also [26,33,34]). Arm-
exchange is present in most dUTPases, with few exceptions,
wherein oligomerization is due to species-speciﬁc interaction pat-
terns. Such patterns could be targeted by novel compounds for
inhibitor design.Acknowledgements
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